Active non-linear circuits with an inductor as temporary energy storage are used to increase the power output of piezoelectric microgenerators. The losses in parasitic resistances inside these circuits cause efficiencies lower than 100 % . This paper presents an optimized switching technique which reduces these losses. By means of simplified approximation equations, it can be shown that independently of the system parameters, the improved switching technique has a higher efficiency than the formerly used technique, independently on the system parameters. With the parameters extracted from simulations of a CMOS integrated implementation, the efficiency can be increased by 9 % .
Introduction
Piezoelectric microgenerators (PZTs) are suitable for harvesting ambient vibration energy in order to supply lowpower electronic devices like wireless sensor nodes. Since power is discontinuously produced only when there is vibration, a storage element, e.g. a large capacitor or a battery, is usually charged by the PZT, and the electronic device is powered by the storage element. An interface or conversion circuit connected between the PZT and the storage element can increase the PZT output power, compared to using a direct connection 1 . These conversion circuits commonly use an inductor as temporary energy storage, and the energy flow between the PZT, the inductor and the storage element is managed by several switches. In reality, the efficiency of such an interface circuit is always lower than 100 % due to the losses in the parasitic series resistances of the switches, the inductor and the rectifier. The influence of these parasitic resistances on the efficiency has rarely been studied 2 . In this paper, an improved switching technique is presented which reduces the losses in the parasitic resistances and thus increases the efficiency, compared to the switching techniques used in previous publications 1, 3 . Simplified approximated efficiency equations make a comparison of the formerly used and the improved switching technique possible. By means of these equations and additional evaluation of the approximation error, it is hypothesized that the efficiency of the improved switching technique is better, independently of the system parameters like inductor size, PZT voltage etc. Fig. 1 shows the energy harvesting system. The PZT is modeled by an AC current source with internal impedance. First of all, the PZT voltage V p has to be rectified in order to avoid negative voltages. The conversion circuit waits until V p reaches a maximum and then quickly transfers the energy to the battery. During the transfer process, the inductor L acts as temporary energy storage which is charged and discharged, thus the current I L produces losses in the parasitic series resistances. The efficiency of the transfer process is given by equation (1), where in P , loss P , E in and E loss are the average input power, the average power loss inside the circuit, and the corresponding energies. The length of one transfer cycle is denoted by T.
Energy harvesting circuit and energy loss approximation
Since the exact calculation of E loss can be difficult depending on the switching technique, a simplified method is now presented. In order to calculate the energy loss ( , ) E R p in an arbitrary resistance R for an arbitrary circuit parameter set p, equation ( (3), it is sufficient to calculate (0 , ) k Ω p , i.e. to know the current through R for 0 R = Ω , which is well-known in contrast to the lossy case. Applied to the circuit shown in Fig. 1 , this procedure enables direct comparison between the efficiencies of different switching techniques, under the condition that the approximation error is reasonably low.
Switching techniques
The operation principle of the formerly used switching technique, called ST 13 in this paper, is illustrated in Fig.  2(a) . In phase 1, all switches are off, thus the PZT capacitor C p is charged without any losses caused by a load. After the PZT voltage V p has reached a maximum voltage V p0 , the circuit changes to switch configuration SC 1 (S 1 on), initiating the transfer process with phase 2. During this phase, the energy
After this process has been finished, the switches change to SC 3 (S 2 and S 3 on, S 1 off). Hence, during phase 3, the energy is finally transferred into the battery. When the transfer process has
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Conversion circuit Battery completed, S 2 and S 3 are turned off, and a new cycle starts. The transfer process is shorter than the charge process by a factor of around 1000, depending on the PZT frequency, C p and L.
The proposed technique ST 23 described in Fig. 2 . The R n -values are summarized in Table 1 . The total energy loss during the transfer process is the sum of the energy losses during phases 2 and 3. Performing the approximation according to equation (3) and putting the result into equation (1), the approximated efficiency of ST a3 can be written according to equation (4). To simplify matters, the argument (0 , ) Ω p is omitted; e.g. , 3 , 3 (0 , ) a a a a k k = Ω p . The k-values have been calculated according to equation (2) by solving analytically the differential equations for I L in each switch configuration; the result is summarized in Table  2 . In order to evaluate which one of the two presented switching techniques is better, the difference between the approximated efficiencies of ST 23 and ST 13 is determined according to equation (5). By insertion of the appropriate equivalent series resistances from Table 1 : Equivalent parasitic series resistances for each switch configuration (see Fig. 1 and Fig. 2 ). 
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Results and discussion
It can be graphically shown that the k-coefficients (6) from equation (5) x V V = ≥ , which means that the approximated efficiency is higher for ST 23 compared to ST 13 for all parameters
. In order to evaluate the approximation error and thus the quality of the approximation, the switching techniques ST 13 and ST 23 have been implemented in an integrated circuit (IC) based on a 0.35µm CMOS technology and simulated using Cadence Spectre. The IC is powered completely by the battery; the supply voltage is 2.5 V bat V = to ensure low-power operation. For the switches and the rectifier, high-voltage MOSFETs tolerating up to 18 V are used. Due to the large intrinsic on-resistance of these devices, the width has been set to 30 mm . Using the parasitic resistances summarized in Table 3 , the exact and the approximated efficiency curves of ST 1323 and ST 13 are calculated (see Fig. 3 ). The curves of ST 1323 have a point of discontinuity at 2 x = which denotes the border between ST 13 and ST 23 . The approximation error is small for 0 x = and 2 x = , respectively, which denotes the lower limits of ST 13 and ST 23 . The error increases for growing x and is about 8 % (ST 1323 ) and 11% (ST 13 ) for 7 x = . Nevertheless, the qualitative characteristics of the exact and the approximated curves are identical.
As a conclusion of the observations described above, it can be hypothesized that not only the approximated, but also the overall exact efficiency is higher for ST 23 compared to ST 13 , independently of the circuit parameters p. For the specific parameter set used for the plots in Fig. 3 , the exact efficiency of ST 23 is about 9 % higher than the efficiency of ST 13 . In order to evaluate the influence of inaccuracies of the circuit model shown in Fig. 1 , efficiency values extracted from simulation at different excitation levels are shown in Fig. 3 . The values have been determined by integrating bat bat I V ⋅ and dividing the result by the input energy E C0 . Since the circuit is powered completely by the battery, all losses caused by the IC are considered. The simulation values are in very good agreement with the exact efficiencies if 2 x > . If 2 x < , the constant power consumption of the controller of around 2.5µW and the MOSFET losses dominate and thus the efficiency is drastically lower than predicted by calculations. Fig. 3 . Numerically solved and approximated efficiencies of ST13 and ST1323. The used parameters are shown in Fig. 1 and Table 3 . The circuit simulation results are denoted by η1323,sim. 
